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Abstract 
In this study, impingement air jet heat and flow characteristics of hexagonal finned heat sink which was named as OHS-2 were 
determined experimentally and analysed numerically by Ansys-Fluent CFD programme. The heat sink was optimized by using 
Taguchi method in the wind tunnel according to L18(21×37) orthogonal array in earlier study [1]. Therefore, the optimized heat sink 
was used instead of another heat sink. Six of most commonly used turbulence models in the numerical analysis of heat and mass 
transfer with impinging jets were examined and k-ε reliable turbulence model was chosen the most suitable for experimental study. 
The experimental and numerical studies were carried out for a heat sink with a nozzle diameter, two different Y/d distances, 6 
different flow rates and 3 different fin heights. The variations of the Nu-Re and Cpx,y- l/(l0/2) were analysed and compared. Finally, 
heat transfer correlations were produced from experimental and numerical results of impingement jet heat transfer. Also the 
numerical and experimental results were observed to be in a good agreement. 
© 2016 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
A area (m2) 
Cp pressure coefficient 
d nozzle diameter (m) 
Dh hydraulic diameter (m) 
ε dissipation rate 
h convection coefficient (W/m2K) 
hk fin height (m) 
I current (A) 
k conduction coefficient (W/mK) 
l station distance (m) 
L length of the base plate (m) 
N total number of fins  
Nu Nusselt number (=hL/k) 
P pressure (Pa) 
Pr Prandtl number (=Cpμ/k) 
Re Reynolds number (=ρuL/μ) 
R resistance (Ω) 
T temperature (K) 
U velocity (m/s) 
V voltage (V) 
W width of the base plate (m) 
μ dynamic viscosity (Pas) 
ν kinematic viscosity (m2/s) 
ρ density (kg/m3) 
Y distance between nozzle and heat sink. 
 
Subscripts 
a air 
ave average 
cond conduction  
conv convection 
in inlet 
k fin 
out outlet 
rad radiation 
s surface 
tot total 
C further nomenclature continues down the page inside the text box 
1. Introduction 
Today, the rapid growth of energy consumption and costs has made efficient energy use mandatory. Therefore the 
importance of heat transfer in daily life and industrial applications has increased still further. In the studies to improve 
the heat transfer, transferring the heat efficiently has just not been enough, downsizing of the elements used, increased 
mass production and rising costs have resulted in additional problems. As a result of the studies, heat and mass transfer 
by impinging jet is determined to be an efficient and economical method which is fast and can be applied to small 
surface areas.  
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Furthermore, with the fins obtained through different fin angles, different fin alignments and different geometries, 
a better heat transfer is provided in the impingement region by enlarging vortex structures or increasing flow 
instabilities. To increase the heat transfer by impinging jet, generally, finned heat sinks are used. 
Angiolletti et. al. (2005) numerically analyzed the heat transfer by laminar and submerged transition on the target 
plane with free gas jet compression. It is observed that if Reynolds number is equal to 1000 the k-ω SST turbulence 
model is better, and if Reynolds number is equal to 4000 then the k-ε RNG and RSM turbulence models are better [2]. 
Bayraktar and Smith (2005) discussed the hot turbulent jet flow in cross-flow using computational fluid dynamics 
(CFD). The standard k-ԑ turbulence model is used, and the flow field is considered as three-dimensional [3]. Deoganda 
et. al. (2014) studied the wall static pressure of sealed air by impinging it on a flat plate. They measured the average 
velocities and the wall static pressures for nozzle-plate openings in the range of 0.25-4 for the Reynolds numbers in 
the range of 18000-40000 [4]. Yucel and Ozmen (2013) numerically studied the heat transfer and flow characteristics 
in the two-dimensional flow field created by the bounded impinging air jet stream for the nozzle openings in the range 
of 1-10 in the distance between the jets from 2 to 6 and for the case where the Reynolds number is 30000, for the 
realizable k-ε and standard k-ω turbulence models. With experimental data, they observed that the realizable k-ε model 
is more compatible [5]. 
2. Experimental setup 
The experimental study was performed with the hexagonal finned OHS-2 heat sink which is optimized in the flow 
channel with the Taguchi L18(21×37) experiment optimization before. Experiments were performed for a fixed nozzle 
diameter (d = 50 mm), at a constant heat flux, in two different Y/d distances (Y/d = 1, 2), in three different fin lengths 
(100, 150, 200 mm) and at six different velocity values (4, 5, 6, 7, 8, 9 m/s). As a result of the experiments, it is aimed 
to determine the most effective fin length and velocity values for cooling applications. In the second phase of the 
experimental study, the pressure coefficients in x and y directions were calculated on the heat sink and Cpx-l/(l0/2), 
Cpy-l/(l0/2) plots were obtained. 
 For the experiments, the experimental setup whose Y/d ratio can be changed were used on the optimized OHS-2 
heat sink. Air was used as fluid in the system. Aluminum material was used for the heat sink and the fins. Pressure 
values were read digitally with pitot tube and pressure transmitters.  
 
Fig. 1. Schematic representation of experimental setup. 
(1) Computer, (2) Data acquisition board, (3) Thermocouples, (4) Circular nozzle, (5) Heat sink, (6) Heater,  
(7) Hot wire anemometer, (8) Pressure-velocity transmitters, (9) Reductions, (10) Gate valve, (11) Fan, (12) Variac, (13) Voltage regulator 
 
For a uniform heat surface, a 305x305 mm2 heating unit was placed on the plane base. The 14 mm wide hexagonal 
fins were used for test elements. Hexagon fins were inserted into the grooves with 5 mm in depth on the plate by 
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applying heat conducting compound. 15 pieces thermocouples arranged on the plate to determine the average surface 
temperature, 2 pieces for ambient temperature and 1 piece to measure the air temperature were used. 
In this study, pitot tube was used for determining the dynamic pressure distribution. By means of pitot tube, 
instantaneous pressure value measurements of the flow from fins in an approximately periodic structure were made 
in the "wall jet region" where the axial flow is realized. In the choice of pitot tube, the fact that minor deviations 
occurred in the flow direction and temperature changes induced by the heated heat sink do not affect the measurement, 
has been effective. 
The experimental variables examined in this study are given in Table 1. The hexagonal finned heat sink according 
to design parameters is placed in the experimental setup of impinging jet. The changing graphics of Nusselt number 
calculated utilizing the experimental data, with the Reynolds number were drawn. Also, the correlation for Nusselt 
number was defined with the calculated experimental findings. Nu-Re, Cpx-l/(l0/2), Cpy-l/(l0/2) graphs are given, 
which are drawn as a result of experiments and calculations made for the hexagon finned heat sink. 
 
Table 1. Parameters in experimental and numerical analyses 
Parameters 
Optimum 
Elements 
OHS-2 
A Fin height, hk [mm] 100-150-200 
B Fin width, b [mm] 14 
C Span wise distance between fins, c [mm] 20 
D Stream wise distance between fins, a [mm] 10 
E Fluid velocity, U [m/s] 4-5-6-7-8-9 
F Fixed nozzle diameter, d [mm] 50 
2.1. Calculations 
The steady-state rate of the heat transfer through the air can be expressed as follows  
 
      (1) 
 
      (2) 
 
The heat transfer from the test section by convection can also be expressed as 
 
       (3) 
 
Both base plate and fins were made of aluminium: their surfaces were fully cleaned and polished also, working 
temperature was not too high. So, radiative heat loss is less than 5% of the total input to the pin-fin arrays [6]. For this 
reason, the radiative heat-loss could be neglected. Using these findings, together with the fact that the section was well 
insulated and temperature readings of the thermocouple placed at the outer surface of the heating section were nearly equal 
to ambient temperature, one could assume, with some confidence, that the last two terms of Equation (1) may be ignored. 
These assumptions are simplified in Equation (1) as follows: 
 
       (4) 
 
Average heat transfer coefficient was obtained from Equation (1), (2), (3) as follows: 
 
 
(5) 
 
( )
conv
ave
s yave jet
Q
h
A T T
 
tot convQ Q 
( )conv ave s yave jetQ h A T T 
2( ) /conv p out inQ mC T T V R VI    
tot conv rad condQ Q Q Q  
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Either the projected or the total area of the test surface can be taken as the surface area in the calculations. These two 
areas can be related to each other by; Total area= Projected area + Total surface area contribution from the blocks 
 
       (6) 
 
where W is the width of the base plate, L its length, N the number of fins, e the edge and hk the height of the hexagonal 
fins, respectively. 
Nusselt number and pressure coefficients where are x- and y- direction on the plate were considered as performance 
statistics. The inner diameter of the nozzle was used when the Nusselt number calculating. Nusselt number and pressure 
coefficients were calculated as follows 
 
(7) 
 
 
(8) 
 
 
Measured velocity value of the nozzle centre is used when calculating average velocity through the nozzle section in 
turbulent flow. The average velocity of the channel was calculated as follows: 
 
(9) 
 
Reynolds number was calculated as follows: 
 
(10) 
 
where Uave is the average velocity at the nozzle section and thermophysical properties of fluids at the nozzle exit were 
determined taking into account. 
3. Computational Model 
Solid model of OHS-2 heat sink was generated having in three different fin heights (100,150,200 mm) for the 
numerical analyses. Numerical analyses were performed for OHS-2 heat sink with a nozzle diameter (50 mm), two 
different Y/d distances (Y/d=1, 2), six different jet velocities (4, 5, 6, 7, 8, 9 m/s). Also, numerical solutions were 
considered for constant surface heat flux boundary condition. 
Six of most commonly used turbulence models in the numerical analysis of heat and mass transfer with impinging 
jets were examined and k-ε reliable turbulence model was chosen for the numerical analyses. The k-ε reliable model 
can generate good predictions of flow properties in the wall jet and the results of this turbulence model were observed 
the most suitable for experimental study (Figure 2).  
OHS-2 heat sink has a good geometrical symmetry, so a quarter symmetry of solid models were generated with 
finite volume solver.  So the models were generated a tighter mesh with symmetrical modelling. Besides, the regions 
close to the wall must be tighter according to the selected turbulence model, and therefore the numerical mesh was 
tightened towards the impinging plate (Figure 3). Conservation of mass, momentum and energy equations were solved 
with ANSYS-Fluent 14.5 software package, giving suitable boundary conditions. Determining the numbers of mesh, 
grids and iterations are very important in simulation. The hybrid grids integrates with structured and unstructured 
meshes in an efficient manner therefore, the hybrid grids with tetrahedral elements were used. The aspect ratio and 
the skewness were determined to be closed to 1 and 0, respectively.  As a result of various numerical analyses, the 
optimum number of iterations to be around 600 and meshes 106 were determined. The numerical and experimental 
results were observed in a good agreement. 
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Fig. 2.  Comparison of turbulence models                                      Fig. 3. Grid for OHS-2 for hk=100 mm 
3.1. Conservation Equations and Assumptions 
In order to simulate the thermal and turbulent flow fields, numerical solutions were based on these assumptions. 
The thermophysical properties of the fluid were assumed to be constant. The flow was assumed to be steady-state, 
incompressible, and three-dimensional. The buoyancy and radiation heat transfer effects were neglected. The 
enclosure sizes were generated large enough (Figure 4). 
 
 
 
 
 
 
 
 
 
  
Fig. 4. Post-processing 
Three dimensional continuity, turbulent momentum and turbulent energy equations were solved under the suitable 
boundary condition by ANSYS Fluent. The boundary conditions for this problem are stated as follows. The air jet was 
uniform and a constant ambient temperature of 20 degrees. The pressure boundary conditions were used at the outlet. 
The aluminium heat sinks heated with a constant heat flux. The adiabatic thermal boundary conditions were assumed 
on the each side of the base plate. Conservation equations for turbulent flow in the cartesian coordinates can be written 
as follows [7-8]. 
 
Continuity equation 
i
i
ρμ
0
x
w  w       (11) 
Momentum equation 
ji i
j t
j i j j i
µµ µ
µ µ
x x x x x
UU ª º§ ·ww ww w   « »¨ ¸¨ ¸w w w w w« »© ¹¬ ¼
    (12) 
Energy equation 
l t
j
j j l t j
µ µT T
µ
x x x
U V V
ª º§ ·w w w  « »¨ ¸w w w« »© ¹¬ ¼
    (13) 
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Transport equation for k 
jt i i
j t
j j k j j i j
µµ µ µk k
µ µ
x x x x x x
U UHV
§ · § ·ww ww w w   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸w w w w w w© ¹ © ¹
   (14) 
Transport equation for ε 
2
jt i i
j 1 t 2
j j ε j j i j
µµ µ µε ε ε ε
ρμ C μ C ρ
x x σ x k x x x k
§ · § ·ww ww w w   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸w w w w w w© ¹ © ¹
  (15) 
 
The empirical constants appear in the above equations are given by the following values 
ܥଵ=1.44, ܥଶ=1.92, ܥஜ ൌ ͲǤͲͻ, ߪ௞=1.0, ߪఌ=1.3 
 
The governing equation for solid 
0s
i i
T
k
x x
§ ·w w  ¨ ¸w w© ¹
      (16)  
 
The Reynolds number of the impinging jet was described as follows 
Re ave
U d
Q      (17) 
 
The average convection heat transfer coefficient (h) was calculated by 
 ,s s ave in
Q
h
A T T
        (18) 
 
The average Nusselt number (Nu) was calculated by 
hd
Nu
k
       (19) 
4. Results and Discussion 
4.1. Heat Transfer Graphics 
As a result of experimental and numerical analysis, Nusselt number increase with increasing Reynolds number. 
Nusselt number also increase with decreasing fin height.  In the resulting charts, the highest Nusselt values obtained 
at Y/d=1. The experimental and numerical results of the heat transfer characteristics were found to be in a good 
agreement. The comparison between experimental and numerical results can be seen from the Figure 5 and Figure 6. 
The best agreement between the numerical and experimental results was observed for 100 mm fin height.  
The following Nusselt number correlation was obtained from experimental results for OHS-2 (R=0,95); 
 
Nu=0,5841Re0,5027Pr1,6813(hk/d)-0,7699(Y/d)-0,145   
 
The following Nusselt number correlation was obtained from numerical results for OHS-2 (R=0,97); 
 
Nu=0,6579Re0,4292Pr0,3633(hk/d)-0,5726(Y/d)-0,1589  
 
Nusselt number correlations which were obtained from experimental and numerical results are very close to each 
other and were found to have a high accuracy rate. 
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Fig. 5. Comp. of experimental and numerical Nu-Re variations at Y/d=1 Fig. 6. Comp. of experimental and numerical Nu-Re variations at Y/d=1 
4.2. Pressure Distribution Graphics 
The complex flow structure of impinging air jet on the flat surface consists of recirculation, wall jet and stagnation 
regions. The experimental and numerical analysis of the complex structure of the flow becomes more and more 
difficult in case of impingement on finned surface. Dimensionless pressure coefficients (Cpx and Cpy) were determined 
in impingement wall jet domain using the pitot tube-pressure transmitters at distance of Y/d=1 and 2. The 
instantaneous pressure values of were measured on heat exchanger at six stations in x and y directions. 
The results of experimental and numerical analysis of pressure distribution in wall jet region are matched in the 
same order. In a similar numerical study conducted to determine the pressure distributions were not in a good 
agreement with experimental study. This statement also can be seen in the literatures [9].  One of the reasons, it is 
hard to simulate the complex flow structure consist of the recirculation, wall jet and stagnations domain in detail. Also 
the turbulent models are not enough to identify the finned heat sinks accurately for numerical analyses in impingement 
air jet applications. While k-ε gives the optimum results in a free jet region, k-ω gives the best results for boundary 
layer flow. Unfortunately pressure gradients in the stagnation region also contains the two states. Two-equation 
turbulence models are based on the assumptions that least significant of pressure gradients, the Reynolds stress 
anisotropy takes minimum value and according to experiments, they are not apply in the stagnation region [9]. The 
highest values of Cpx,y were determined in the fourth stations and pressure values show a decreasing tendency towards 
the outside and stagnation points of the heat sink. As a result of studies computational and experimental results are in 
good agreement. 
 
 
 
 
 
 
 
 
 
                                                                                    
 
           Fig. 7.Experimental analysis of Cpx in x–direction at Y/d=1                   Fig. 8.Numerical analysis of Cpx in x–direction Y/d=1 
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     Fig. 9.Experimental analysis of Cpy in y–direction for Y/d=1             Fig. 10.Numerical analysis of Cpy in y–direction for Y/d=1 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                    
 
  .  Fig. 11.Experimental analysis of Cpx in x–direction for Y/d=2            Fig. 12. Numerical analysis of Cpx in x–direction for Y/d=2 
 
 
 
 
 
 
 
 
                                                                                        
    
     Fig. 13.Experimental analysis of Cpy in y–direction for Y/d=2            Fig. 14. Numerical analysis of Cpy in y–direction for Y/d=2 
5. Conclusions 
This paper summarises the computational and experimental results of jet impingement heat and flow characteristics 
of hexagonal finned heat sink. The significant results are follows: 
 
(i) The highest Nusselt values were obtained for hk=100 mm and Y/d=1.  
(ii) Numerical predictions based on k-ε reliable turbulence model were in a good agreement with experimental 
results.  
(iii) The produced Nusselt number correlations from experimental and numerical results were very close to 
each other and have a high accuracy rate. 
(iv) The highest Pressure coefficients were obtained for hk=100 mm and Y/d=1. 
(v) The highest values of Cpx,y were determined in the fourth stations and pressure values were in a decreasing 
tendency towards the outside and stagnation points of the heat sink. 
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